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Motivation
Increasing share of electricity generation from volatile renewable sources 
(wind, solar) in Germany
The electricity generation in thermal units has to become increasingly 
flexible
Increasing relevance of cycling costs
Growing importance to model the load changing ability of thermal units in 
energy system models
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The German Electricity System Model 
PERSEUS-NET-ESS
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Modeling of the transmission grid
441 grid nodes 
(locations of power plants and electricity demand processes) 
560 power lines as grid node connections
Modeling of power generating capacities
~ 270 plants > 100 MW modeled individually at specific 
nodes
Smaller plants < 100 MW modeled cumulated and 
assigned to NUTS3-regions
Specific electricity demand assigned to each 
grid node
Forecast based on population and GDP of the NUTS3-
region
Source: Eßer-Frey 2012
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PERSEUS-NET-ESS: Model specifications2
Model type and methodology
Myopic linear (mixed-integer) programming approach
Technology oriented bottom-up energy and material flow model combined with nodal pricing
Objective function and constraints
Objective function: minimisation of decision-relevant expenditures (net present value) 
Variables: plant commissioning, unit dispatch, operation modes, electricity flows on the grid
Constraints: generation capacity, plant availability, transmission capacity…
Driving force: electricity demand has to be satisfied
Market understanding
Perfect markets with complete information
Modelling timeframe and time structure
Long-term: 2012 till 2040; at least every fifth year is calculated
Three days of a type per season (weekday, Saturday, Sunday)
Main results
Optimal system dispatch
Optimal commissioning of new thermal power plants (technology, size, time and place) 
Consideration of hree days of a ype per season
(weekday, Saturday and Sunday) for the year 2012
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PERSEUS-NET-ESS: Objective function2
Fuel costs
Transport, 
system usage 
charge
Variable costs
Load changing 
costs
Annual fix costs
Investment in new 
capacities
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Minimum power
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3 I
Equation 
based on 
[Díaz 2008]
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Minimum times stopped & running3 I
Equations based on 
[Díaz 2008]
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Costs on positive load changes below 
the minimum power (start-up costs)3 II
Equations 
based on 
[Warland 
2008]
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Costs on all load changes3 III
Equation based on 
[Rosen 2008, 
Eßer-Frey 2012]
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Data about a realistic power plant dispatch and specific cycling costs are 
hard to determine (and confidential)
Minimum times stopped and running 
No real technical limitation, rather a “fictive” limitation for energy system modelling to prevent a 
unit dispatch with high cycling costs [Schröder et al. 2013; Hundt et al. 2009].
Values for minimum times stopped and running can be found in literature. However, these differ 
[Schröder et al. 2013].
Start-up costs
Very few literature sources with specific values could be found [Kumar et al. 2012; Lew et al. 2013; 
Maiborn 2008; DENA 2005]. 
Values differ and do not consider specific generation units’ characteristics. Subsequently values 
for start-up costs for PERSEUS-NET-ESS are estimated by the following equation: 
Costs on all load changes 
Only one literature sources with specific values could be found. 
1.96 $/∆MW for coal units; 0.64 $/∆MW for gas combined cycle units [Kumar et al. 2012; Lew et al. 2013]
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Data Availability4
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Average derivation to the 
dispatch without consideration 
of the load changing behavior
Thermal Unit Dispatch
17.06.2014
5
Min. power and times 0.05
Cost on all load changes 0.02
Start-up costs 0.1
Min. power and times 0.46
Cost on all load changes 0.71
Start-up costs 0.82
Min. power and times 0.36
Cost on all load changes 0.24
Start-up costs 0.66
[GW]
Start-up costs have the highest effect on the dispatch of thermal units in PERSEUS-NET-ESS
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As of the mixed-integer calculation the modelling approach with minimum power and 
minimum times stopped & running has a significantly higher computation time than the 
linear approaches
A combination of start-up costs and costs on all load changes has a comparably “short”
computation time and is therefore usable for PERSEUS-NET-ESS calculations
Minimum power, 
time stopped & 
running Start-up costs
Costs on all 
load changes
No 
consideration 
of load 
changing 
behavior
Start-up costs 
and costs on 
all load 
changes
Equations 1.82 Mio 1.79 Mio 1.72 Mio 1.68 Mio 1.83 Mio
Variables 1.44 Mio 1.48 Mio 1.45 Mio 1.36 Mio 1.59 Mio
Non-zero Elements 7.45 Mio 7.33 Mio 7.18 Mio 6.93 Mio 7.66 Mio
Binary variables 35,090 - - - -
Total computation
time* 12 min 57 5 min 57 sec 5 min 41 sec 5 min 35 sec 6 min 14 sec
17.06.2014
Computation Time of Test Calculations5
*with Cplex 12.4 on 12 threads on a computer with Windows Server 2008 R2 Enterprise, Intel(R) Xeon(R) CPU E5-1650@ 3.20 GHz 3.20 GHz; 
96 GB RAM; 64 Bit
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Minimum power in combination with minimum times running and stopped 
Widely used in energy systems modelling; Data available
Disadvantage of needing binary variables
No “real” technical restriction (?)
Costs on positive load changes below the minimum power (start-up costs)
Very few literature sources with specific data; Data that is found differs
Assignment of specific start-up costs to generation units in PERSEUS-NET-ESS through the 
developed approach
Comparably high effect on the dispatch of thermal generation units in the PERSEUS-NET-ESS 
model
Costs on all load changes
Easy to apply 
Very few literature sources with specific data
Applicable in energy system models with endogenous linear commissioning of generation units
No consideration of the minimum power
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Summary and Conclusion5
For the energy system model PERSEUS-NET-ESS a combination of 
costs on all load changes and start-up costs seems to be 
advantageous
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Consideration of Costs in the 
Objective Function3 II & III
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PERSEUS-NET-TS: Selected Constraints
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